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Chemistry, Columbia University, New York, New YorkABSTRACT CLH-3b is a CLC-1/2/Ka/Kb channel homolog activated by meiotic cell cycle progression and cell swelling. Chan-
nel inhibition occurs by GCK-3 kinase-mediated phosphorylation of serine residues on the cytoplasmic C-terminus linker con-
necting CBS1 and CBS2. Two conserved aromatic amino acid residues located on the intracellular loop connecting
membrane helices H and I and a1 of CBS2 are required for transducing phosphorylation changes into changes in channel ac-
tivity. Helices H and I form part of the interface between the two subunits that comprise functional CLC channels. Using a
cysteine-less CLH-3b mutant, we demonstrate that the sulfhydryl reagent reactivity of substituted cysteines at the subunit inter-
face changes dramatically during GCK-3-mediated channel inhibition and that these changes are prevented by mutation of the
H-I loop/CBS2 a1 signal transduction domain. We also show that GCK-3 modifies Zn2þ inhibition, which is thought to be medi-
ated by the common gating process. These and other results suggest that phosphorylation of the cytoplasmic C-terminus inhibits
CLH-3b by inducing subunit interface conformation changes that activate the common gate. Our findings have important impli-
cations for understanding CLC regulation by diverse signaling mechanisms and for understanding the structure/function relation-
ships that mediate intraprotein communication in this important family of Cl transport proteins.INTRODUCTIONCLC anion channels and Cl/Hþ exchangers perform
diverse and essential physiological functions including
regulation of cytoplasmic and organelle Cl and Hþ levels,
regulation of cell membrane potential, and transepithelial
Cl transport in organisms ranging from archaebacteria to
humans. CLC channels and transporter are homodimers.
Each monomer of a CLC channel forms an independently
gated pore that is opened and closed by a fast gating process,
whereas a common gating mechanism functions to close
both pores simultaneously.
A CLC monomer consists of 18 a-helical domains (desig-
nated A–R). Helices B through R span or are embedded in
the lipid bilayer. Membrane helices D, F, N, and R form
the pore and a glutamate residue on the F-helix likely func-
tions as the pore fast gate (1–3). Eukaryotic CLC monomers
also have large cytoplasmic C-termini containing a pair of
cystathionine-b-synthase (CBS) motifs (4,5). The structural
basis of common gating is not well understood, but may
involve conformational changes at the subunit interface,
which comprises helices H, I, P, and Q (1–3), and/or the
cytoplasmic C-terminus (6–9).
Numerous CLCs are regulated by phosphorylation
(10–14), by binding with intracellular adenosine ligands
(15–21), by interaction with accessory proteins (22–25),
and by extracellular Ca2þ (26,27). However, the cell
signaling and biophysical mechanisms by which regulation
occurs are not well understood. We have addressed this
important problem using the genetically tractable modelSubmitted December 5, 2012, and accepted for publication March 19, 2013.
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0006-3495/13/05/1893/12 $2.00organismCaenorhabditis elegans. CLH-3b is a splice variant
of the C. elegans CLC gene clh-3 and is a member of the
CLC-1/2/Ka/Kb anion channel subfamily. The channel is
expressed in the worm oocyte where it is activated during
meiotic cell cycle progression or in response to cell swelling
(28) by type 1 serine/threonine phosphatase-mediated
dephosphorylation (29). Channel inactivation requires con-
comitant phosphorylation of S742 and S747 mediated by
the Ste20 kinase GCK-3 (30–32). GCK-3 is a homolog of
the SPAK and OSR1 kinases, both of which play key roles
in cellular and systemic ion and water homeostasis (33).
S742 and S747 are part of a ~14 amino acid activation
domain that is located on a ~176 amino acid linker connecting
the two cytoplasmic CBS motifs. Deletion of the activation
domain inhibits CLH-3b to the same extent as GCK-3-medi-
ated phosphorylation. Alanine mutation of two highly
conserved aromatic amino acid residues located on the first
a-helix (a1) of the second CBS domain (CBS2) and a short
intracellular loop connecting membrane helices H and I (H-
I loop) completely prevents channel inactivation by GCK-3
(34). The crystal structure of a CLC Cl/Hþ exchanger
from the thermophilic red alga Cyanidioschyzon merolae
(CmCLC) suggest that CBS2 and the H-I loop interact (3).
CBS domains play important regulatory roles in diverse
proteins (35,36) and undergo regulatory interactions with
adenosyl compounds (18,37,38), ions (39), and charged
membrane domains (40). We have postulated that the
dephosphorylated activation domain interacts with one or
both CLH-3b CBS motifs, and that this interaction is disrup-
ted by S742 and S747 phosphorylation or activation domain
deletion. Disruption of this interaction induces a conforma-
tional change in the cytoplasmic C-terminus that inactivateshttp://dx.doi.org/10.1016/j.bpj.2013.03.026
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CBS2 a1 and the H-I loop functions as a conserved signal
transduction module that mediates long-range intraprotein
communication from cytoplasmic to membrane domains in
CLC proteins (34). The involvement of the H-I loop in signal
transduction suggests that the subunit interface may play an
important role in regulating channel activity.
What are the structure/function mechanisms by which
changes in C-terminus conformation are transduced into
changes in channel activity? In the current studies, we tested
the hypothesis that C-terminus phosphorylation induces
extracellular conformation changes in the subunit interface
and channel pore that mediate inactivation of CLH-3b.
Using the substituted cysteine accessibility method in a
cysteine-less CLH-3b mutant, we demonstrate that the sulf-
hydryl reagent reactivity of amino acid residues comprising
the subunit interface changes dramatically during GCK-3-
mediated channel inhibition and that these changes are
prevented by mutation of the H-I loop/CBS2 a1 signal trans-
duction interface. We also show that GCK-3 modifies Zn2þ
inhibition, which is thought to act through the common
gating process (41–43). These and other results suggest
that phosphorylation of the CLH-3b cytoplasmic C-terminus
inhibits the channel by inducing subunit interface conforma-
tion changes that activate the common gate. Our findings
have important implications for understanding CLC regula-
tion by intracellular nucleotides, extracellular Ca2þ and
accessory proteins, and for understanding the structure/func-
tion relationships that mediate intraprotein communication
in this important family of channels and transporters.MATERIAL AND METHODS
Transfection and whole-cell patch-clamp
recording
Human embryonic kidney (HEK293) cells were cultured and patch clamped
as described previously (44). Cells were transfected using FuGENE 6 or X-
tremeGENEHP (RocheDiagnostics, Indianapolis, IN)with 0.5mgGFP, 3mg
CLH-3b, and 1.5 mg of functional or kinase dead (KD) GCK-3 ligated into
pcDNA3.1. Channel properties are indistinguishable when CLH-3b is ex-
pressed without kinase or coexpressed with KDGCK-3 (30,31). Point muta-
tions were generated using the QuikChange Lightning Multi Site-Directed
mutagenesis kits (Agilent Technologies, Santa Clara, CA). All mutations
were confirmed by DNA sequencing. Experimental protocols were per-
formed on at least two independently transfected groups of cells.
Transfected cells were identified by GFP fluorescence and patch clamped
using a bath solution containing 90 mM NMDG-Cl, 5 mM MgSO4, 1 mM
CaCl2, 12 mM Hepes free acid titrated to pH 7.0 with CsOH, 8 mM Tris,
5 mM glucose, 90 mM sucrose, and 2 mM glutamine (pH 7.4, 300 mOsm),
and a pipette solution containing 116 mM NMDG-Cl, 2 mM MgSO4,
20 mM Hepes, 6 mM CsOH, 1 mM EGTA, 2 mM ATP, 0.5 mM GTP,
and 10 mM sucrose (pH 7.2, 275 mOsm). Patch electrodes were pulled
from 1.5 mm outer diameter silanized borosilicate microhematocrit tubes;
electrode resistance ranged from 4 to 8 MU. Currents were measured
with an Axopatch 200A (Axon Instruments, Foster City, CA) patch clamp
amplifier. Electrical connections to the patch clamp amplifier were made
using Ag/AgCl wires and 3 M KCl/agar bridges. Data acquisition and anal-
ysis were performed using pClamp 10 software (Axon Instruments).Biophysical Journal 104(9) 1893–1904Quantification of CLH-3b current properties
Whole cell currents were elicited by stepping membrane potential from a
holding voltage of 0 mV to test voltages of 140 to þ60 mV in 20 mV in-
crements. Test voltages were maintained for 1 s and cells were then returned
to the holding voltage of 0 mV for 1 s. The channel is strongly inwardly
rectifying and does not exhibit tail currents due to rapid inactivation at pos-
itive potentials. Current-to-voltage plots were therefore used to estimate
channel activation voltage (31). A line was first drawn by linear regression
analysis of currents measured between 0 and 60 mV where channel activity
is low. A second line was then drawn by linear regression analysis of cur-
rents measured between the first test voltage at which inward current was
detected and a second voltage 20 mV more negative. The point at which
these two lines intersect is defined as the activation voltage, which is the
voltage at which current activation is first detected.
The kinetics of hyperpolarization-induced activation of CLH-3b are
characterized by either mono- or biexponential fits describing slow or
fast and slow time constants, respectively. The nature of the fit is dictated
by channel phosphorylation (31). To simplify presentation and interpreta-
tion of activation kinetics under different experimental conditions, time
constants are not used. Instead, the time required for whole cell current
to reach 50% activation when membrane voltage is stepped from 0 to
100 mV for 1 s is quantified. This time is defined as the 50% rise time.Sulfhydryl reagent and Zn2D experiments
The methanethiosulfonate (MTS) sulfhydryl reactive reagents 2-(trimethy-
lammonium)ethyl methanethiosulfonate bromide (MTSET) and sodium
(2-sulfonatoethyl)methanethiosulfonate (MTSES;TorontoResearchChem-
icals, Toronto, Ontario, Canada) were dissolved in water as a 400 mM stock
and stored in 40 ml aliquots at –80C until use. Single aliquots were added to
16ml of control bath immediately before each experiment. The finalMTSET
and MTSES working concentrations were 1 mM.
Whole cell current amplitude in MTSET/MTSES and Zn2þ experiments
was recorded by stepping membrane voltage to –100 mV for 500 ms every
1–2 s from a holding potential 0 mV. The bath was perfused continuously
with control solution during this voltage clamp protocol. Cells were
exposed to MTSET/MTSES- or Zn2þ-containing bath solution after whole
cell current reached stable levels. Continuous bath perfusion was main-
tained in MTSET/MTSES experiments until the effects of the reagents
were complete.
Time constants describing the inhibitory or stimulatory effects of
MTSET and MTSES were determined by fitting a single exponential func-
tion to time course data. For Zn2þ inhibition and washout studies, time
constants were determined using the Compare Models function of pClamp
10 (Axon Instruments), which determines the number of terms required for
the best fit by statistical analysis.Statistical analyses
Electrophysiological data are presented as means5 SE and n represents the
number of patch-clamped cells from which CLH-3b currents were
recorded. Statistical significance was determined using Student’s t-test for
unpaired means.RESULTS
Effects of MTSET on wild-type (WT) and cys-less
CLH-3b
MTSET inhibits CLH-3b whole cell current (45). To deter-
mine whether GCK-3-mediated phosphorylation of S742
and S747 induces conformational changes in channel
CLC Regulatory Conformational Changes 1895extracellular domains, we expressed CLH-3b with func-
tional or KD GCK-3 and characterized the effects of
1 mM MTSET on current properties. As described previ-
ously (30,31), coexpression of CLH-3b with GCK-3
reduced current amplitude, hyperpolarized channel activa-
tion voltage, and slowed hyperpolarization- induced current
activation (Fig. 1 A). GCK-3 also significantly (P < 0.008)
increased both the rate and extent of MTSET inhibition
(Fig. 1, B and C). These results demonstrate that channel in-
hibition induced by GCK-3 is associated with extracellular
conformational changes that alter the MTS reagent reac-
tivity of endogenous cysteine residues.
CLH-3b contains 11 cysteines. To characterize the effects
of phosphorylation on channel conformational changes in
greater detail, we generated a cys-less CLH-3b mutant in
which all 11 cysteine residues were replaced by alanine.
The functional properties of the cys-less mutant were
similar to those of WT CLH-3b. Cys-less CLH-3b exhibited
strong inward rectification and a hyperpolarized activation
voltage (Fig. 2 A). Hyperpolarization-induced activation
was time dependent (Fig. 2 A). Channel activation voltage
and 50% rise time were not significantly (P > 0.2) different
from WT CLH-3b.
Whole cell current amplitudes for cys-less CLH-3b were
generally smaller compared to those of WT channels sug-FIGURE 1 GCK-3 alters MTSET reactivity of WT CLH-3b. (A) Current-to-vo
pressed with KD or functional GCK-3. Values are means 5 SE (n ¼ 5–10). *
MTSET effects on CLH-3b. (C) Time constants (tau) of MTSET inhibitory e
(n ¼ 4–5). *P < 0.008 and **P < 0.005 compared to KD GCK-3.gesting lower expression levels and/or reduced single chan-
nel conductance. The mutant was responsive to GCK-3 as
evidenced by significant (P < 0.01) kinase-dependent re-
ductions in whole cell current levels, hyperpolarization of
channel activation voltage, and slowing of voltage-depen-
dent activation kinetics (Fig. 2 A). However, the GCK-3-
dependent shifts in these parameters were typically smaller
than those observed for WT CLH-3b.
In the absence of GCK-3, hyperpolarization-induced acti-
vation of WT CLH-3b is described by fast and slow time
constants. However, the fast time constant is lost when the
channel is inactivated by the kinase (31). The cys-less
mutant behaved in an identical manner. When coexpressed
with KD GCK-3, current activation at 140 mV was
described by fast and slow time constants with mean 5
SE values of 195 3 ms and 1315 19 ms (n ¼ 10), respec-
tively. In contrast, activation at 140 mVof cys-less CLH-
3b coexpressed with functional kinase was described by
a single slow time constant with a mean 5 SE value of
119 5 20 ms (n ¼ 10).
As expected, MTSET had no significant effect on cys-less
CLH-3b. The mean steady-state MTSET induced changes in
relative current amplitudes in cells expressing either KD or
functional GCK-3 were <510% (Fig. 2 B). These changes
were not significantly (P > 0.3) different from 0.ltage relationships, activation voltages, and 50% rise times of CLH-3b coex-
P < 0.02 and **P < 0.0001 compared to KD GCK-3. (B) Time course of
ffects and percent change in current amplitude. Values are means 5 SE
Biophysical Journal 104(9) 1893–1904
FIGURE 2 Cys-less CLH-3b is regulated by GCK-3 and insensitive to MTSET. (A) Whole cell current traces, current-to-voltage relationships, activation
voltages, and 50% rise times of cys-less CLH-3b coexpressed with KD or functional GCK-3. Values are means5 SE (n¼ 10). *P< 0.01, **P< 0.0001, and
yP < 0.0004 compared to KD GCK-3. (B) Effects of MTSETon current amplitude of cys-less CLH-3b. Values are means5 SE (n ¼ 4–5). Relative changes
in current amplitude induced by MTSET were not significantly (P > 0.3) different from 0 in the presence or absence of GCK-3 activity.
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mutants
Given that the functional properties of cys-less CLH-3b
were similar to those of WT channels, we carried out a se-
ries of cysteine substitutions in this mutant. Our previous
studies suggested that the CLC subunit interface may be
an important site at which phosphorylation exerts its effects
on CLH-3b structure and function (34). Several studies have
suggested that the subunit interface plays an important role
in common gating (6–8). We therefore focused our initial
MTS reactivity studies in and around helices H, I, P, and
Q, which comprise the interface (1–3). Cysteine mutations
on the pore-forming helices D, F, N, and R, including the
glutamate residue (E167) that forms the pore fast gate
were also tested.
Fig. 3 shows ribbon diagrams of Escherichia coli CLC
(EcCLC) and the location of homologous cysteine substitu-
tions that were generated in cys-less CLH-3b. We gener-
ated a total of 22 cysteine substitution mutants (Table 1).
All of the mutants except K166C and E167C showedBiophysical Journal 104(9) 1893–1904gating behavior similar to WT CLH-3b including strong
inward rectification, a hyperpolarized activation voltage,
and time-dependent hyperpolarization-induced current
activation (data not shown). The K166C and E167C
mutants exhibited both inward and outward currents and
lacked voltage- and time-dependent gating (data not
shown). Of the 22 mutants, 13 expressed poorly or did
not react with MTSET, and 3 showed no change in reac-
tivity when the mutants were expressed with GCK-3
(Fig. 3 and Table 1). The remaining 6 mutants showed
phosphorylation-dependent changes in MTS reagent reac-
tivity (Fig. 3 and Table 1). These residues are highlighted
in green in Fig. 3.
Fig. 4, A and B, show details of the MTSET reactivity of
two subunit interface cysteine mutants. R256 is located on
the I-helix (Fig. 3). MTSET increased current amplitude
of the R256C mutant coexpressed with KD GCK-3 ~55%.
Coexpression of R256C with functional kinase strikingly
and significantly reduced both the extent (P < 0.01) and
rate (P < 0.025) of MTSET-induced current activation
(Fig. 4 A).
FIGURE 3 Location of cysteine substitutions.
(A) Ribbon diagram of EcCLC dimer viewed
from the side. Colored balls and sticks indicate ho-
mologous location of CLH-3b cysteine substitu-
tions. Yellow, mutations that expressed poorly or
did not react with MTS reagents. Blue, mutations
that reacted with MTS reagents, but reactivity did
not change with GCK-3 coexpression. Green, mu-
tations that showed altered MTS reagent reactivity
when channel was coexpressed with GCK-3. All
cysteine substitutions were made in the cys-less
CLH-3b background. See Table 1 for additional
details. (B) Ribbon diagram of EcCLC monomer
rotated 90. Red spheres denote Cl ions within
the channel pore. Residues that exhibited GCK-3-
dependent changes in MTS reagent reactivity are
labeled and shown in green.
CLC Regulatory Conformational Changes 1897C505 is an endogenous cysteine residue located on an
extracellular loop connecting helices P and Q (Fig. 3).
MTSET inhibited the C505 channel both in the presence
and absence of GCK-3 coexpression (Fig. 4 B). However,
the extent and rate of MTSET inhibition were significantly
(P < 0.02) increased by GCK-3-mediated phosphorylation.
In addition to C505, eight other endogenous cysteine
residues are located in membrane helices or extracellular
facing loops, and two cysteines are located on the N- and
C-terminal cytoplasmic domains. We generated a mutant
channel in which the first seven membrane domain associ-
ated cysteine residues (C113–C380) were replaced with
alanine. This mutant showed MTSET reactivity similar to
the WT and C505 channels (data not shown). Replacement
of 10 of the 11 endogenous cysteines except for C484TABLE 1 Location and MTS reagent reactivity of cysteine
substitution mutants
Residue Location Functional properties
S124C D-helix Poor expression
P127C D-helix Poor expression
K166C F-helix No reactivity
E167C F-helix No reactivity
S216C G-H loop MTS reactive; no GCK-3 effect
A217C G-H loop Poor expression
P218C H-helix Poor expression
I226C H-helix Poor expression
R253C I-helix MTS reactive; no GCK-3 effect
L255C I-helix Poor expression
R256C I-helix MTS reactive; reactivity altered by GCK-3
M257C I-J loop MTS reactive; no GCK-3 effect
S259C I-J loop MTS reactive; reactivity altered by GCK-3
A262C I-J loop MTS reactive; reactivity altered by GCK-3
F435C N-helix MTS reactive; reactivity altered by GCK-3
P437C N-helix Poor expression
G502C P-helix Poor expression
Q503C P-Q loop Poor expression
C505 P-Q loop MTS reactive; reactivity altered by GCK-3
L507C Q-helix MTS reactive; reactivity altered by GCK-3
Y529C R-helix No reactivity
K536C R-helix No reactivitygave rise to a channel that was insensitive to MTSET
(data not shown). Taken together, these results indicate
that C505 is most likely responsible for the MTSET-induced
inhibition of WT CLH-3b (Fig. 1, B and C), and suggest that
the other 10 endogenous cysteine residues do not react with
MTS reagents in the absence or presence of GCK-3.
Fig. 5 A summarizes the effects of MTS reagents on inter-
face and pore mutants exhibiting reactivity. S216C (G-H
loop), R253C (I helix), and M257C (I-J loop) mutant chan-
nels showed similar MTSET reactivity in the presence and
absence of GCK-3 coexpression. S259C (I-J loop) mutant
channels were inhibited ~30% by MTSET and coexpression
with GCK-3 induced a complete loss of reactivity. The
A262C (I-J loop) mutant was inhibited 15–20% by MTSET.
Interestingly, in the presence of GCK-3, MTSET became
stimulatory and activated A262C channels ~15%. L507C
(Q helix) mutants showed similar degrees of MTSET inhibi-
tion with or without kinase coexpression. However, GCK-3
coexpression significantly (P < 0.04) increased the rate of
MTSET inhibition. A number of other interface cysteine
mutants tested (A217C, G-H loop; P218C, and I226C, H
helix; L255C, I helix; G502C, P helix, and Q503C, P-Q
loop) either expressed poorly or did not react with MTSET.
Overall, data shown in Figs. 4 and 5 show that GCK-3
induces conformational changes in extracellular-facing
domains associated with the subunit interface.
Most cysteine mutations in helices D, F, N, and R com-
prising the channel pore expressed poorly or did not react
with MTSET (Fig. 3 and Table 1). However, the N helix
mutant F435C showed significantly (P < 0.03) enhanced
MTSET reactivity when it was coexpressed with GCK-3
(Fig. 5 A) indicating that phosphorylation of the C-terminus
activation domain also induces conformational changes in
extracellular domains associated with the channel pores.
As shown in Fig. 4 A, MTSET had a stimulatory effect on
the R256C mutant. The crystal structure of EcCLC (1,2)
suggests that R256 is located near the outer mouth of the
CLH-3b pore. Charged residues located close to the
intracellular pore opening of CLC-0 modulate conductanceBiophysical Journal 104(9) 1893–1904
FIGURE 4 Characteristics of MTSET reactivity of the R256C and C505 mutants. (A) R256C mutant. Values are means5 SE (n ¼ 3–4). *P < 0.025 and
**P < 0.01 compared to KD GCK-3. (B) C505 mutant. Values are means5 SE (n ¼ 3–5). *P < 0.02 and **P < 0.007 compared to KD GCK-3.
1898 Yamada et al.and fast gating (46–49). MTSET is positively charged.
Its stimulatory effect could thus reflect an important channel
regulatory role for the positively charged arginine residue
at position 256. Therefore, to determine if the effect of
MTSET was charge dependent, we treated R256C ex-
pressing cells with negatively charged MTSES. R256C
expressed with KD GCK-3 was inhibited ~40% by
MTSES (Fig. 5 B). The extent of inhibition was reduced
to ~15% (P < 0.01) by GCK-3 coexpression, but the rate
constant for inhibition was not significantly (P > 0.7)
altered. The stimulatory and inhibitory effects of MTSET
and MTSES, respectively, are consistent with a role for
R256 in modulation of channel gating and conductance
(see Discussion).GCK-3-induced extracellular conformational
changes are mediated by the intracellular
H-I loop/CBS2 a1 interface
The inhibitory effect of GCK-3 on CLH-3b is prevented
by alanine mutagenesis of a conserved tyrosine residue,
Y232, on the intracellular H-I loop or a conserved
histidine residue, H805, on the first a-helix (a1) of CBS2
(34). These two residues are closely apposed in CmCLC
(3) and may therefore functionally interact. We have
proposed that conformational information associated withBiophysical Journal 104(9) 1893–1904phosphorylation of the cytoplasmic C-terminus is trans-
duced to extracellular domains via the H-I loop/CBS2 a1
interface (34). If GCK-3-dependent extracellular conforma-
tional changes are required for channel regulation, these
changes should then be prevented by mutations that disrupt
this putative signal transduction domain. We therefore
mutated Y232 to alanine in the R256C and C505 mutants
and characterized the effect of GCK-3 on extracellular
conformation. As shown in Fig. 6, A and B, the Y232A
mutation fully blocked the effect of GCK-3 on R256C and
C505 MTSET reactivity.
We also mutated H805 on CBS2 a1 to alanine in the C505
mutant. This mutation fully blocked the effect of GCK-3 on
MTSET reactivity. Both the Y232A and H805A mutation
also reduced the inhibitory effect of MTSET on the C505
mutant in the presence and absence of GCK-3 (Fig. 6 B).
These and our previous results (34) demonstrate that the
H-I loop/CBS2 a1 interface plays a critical role in intra-
protein signaling that mediates phosphorylation-dependent
channel conformational changes and regulation.GCK-3-mediated phosphorylation alters
Zn2D inhibition
The subunit interface is the site of multiple disease causing
mutations (50,51) and plays an important role in common
FIGURE 5 MTS reagent reactivity of subunit interface and pore amino acid residues. (A) Summary of MTS reagent effects on various pore and subunit
interface cysteine substitution mutants. Values are means5 SE (n ¼ 3–6). P-values shown are compared to channels expressed with KD GCK-3. (B) Char-
acteristics of MTSES inhibition of the R256C mutant. Values are means5 SE (n ¼ 4). *P < 0.008 compared to KD GCK-3.
CLC Regulatory Conformational Changes 1899gating (6,7). Zinc inhibits CLCs and it is widely accepted
that its inhibitory action is mediated by the common gate
(41–43). Given the striking effect GCK-3 has on the MTS
reagent reactivity of amino acid residues associated with
the subunit interface (Figs. 4 and 5), we examined the
Zn2þ sensitivity of WT CLH-3b coexpressed with or
without functional kinase.
When exposed to 5 mM Zn2þ, WT channels coexpressed
with KD GCK-3 exhibited slower and less extensive inhibi-
tion compared to channels coexpressed with functional ki-
nase (Fig. 7 A). We determined time constants for Zn2þ
inhibition using mono- or multiexponential fits. Zinc inhibi-
tion of channels expressed with KD GCK-3 was described
by fast and slow time constants (Fig. 7 B). In contrast, a sin-
gle fast time constant described Zn2þ inhibition of CLH-3b
coexpressed with functional GCK-3 (Fig. 7 B). Reversal of
Zn2þ inhibition showed similar kinetics in the presence and
absence of the kinase (Fig. 7 B).
We also examined the concentration dependence of Zn2þ
inhibition in the presence and absence of GCK-3. As shown
in Fig. 7 C, GCK-3 inhibited channels exhibited increased
sensitivity to Zn2þ. Taken together, data in Figs. 4–7 suggest
that GCK-3-mediated phosphorylation may modulate the
common gate.Pore fast gate mutations alter subunit interface
cysteine reactivity
E167 comprises the pore fast gate of CLH-3b.We previously
demonstrated that replacement of E167 with cysteine in WT
CLH-3b alters MTSET reactivity, and that this effect is
reversed by mutations in the cytoplasmic C-terminus.
Our interpretation of these results was that E167C MTSET
reactivity was modulated by C-terminus conformational
changes suggesting that cytoplasmic domains may regulate
pore fast gating (45). However, results of the current studies
suggest an alternative hypothesis. Given that E167C does not
react withMTSET in a cys-less background, and that C505 is
likely the only reactive cysteine residue in WT CLH-3b, it is
possible that pore fast gate mutations (i.e., E167C) may alter
C505 MTSET reactivity. If this is the case, it suggests that
conformational changes in the pore fast gate alter the confor-
mation of the subunit interface and vice versa. Conforma-
tional interaction between these two domains has
implications for understanding CLC gating.
To assess the effect of pore fast gate conformation on
subunit interface conformation, we mutated E167 in the
single cysteine C505 background and quantified C505
MTSET reactivity. C505 is located on the extracellularBiophysical Journal 104(9) 1893–1904
FIGURE 6 Effect of mutation of the H-I loop/CBS2 a1 interface on GCK-3-induced changes in MTSET reactivity. Y232 and H805 are located on the H-I
loop and a1 of CBS2, respectively. Mutation of these residues to alanine fully blocks the inhibitory effect of GCK-3 on channel activity (34). These mutations
also block the effect of GCK-3 on MTSET reactivity of the R256C (A) and C505 (B) CLH-3b mutants. The Y232A and H805Amutations additionally reduce
the inhibitory effect of MTSET on C505 in the presence and absence of GCK-3 (compare to Fig. 4, A and B). Values are means5 SE (n ¼ 3–4).
1900 Yamada et al.loop connecting subunit interface helices P and Q (Fig. 3
and Table 1). On the basis of our previous findings with
the E167C mutant (45), we mutated E167 to either alanine
or leucine. Cysteine and alanine are both slightly hydropho-
bic amino acids with side-chain volumes of ~45 A˚3 and
25 A˚3, respectively (52). Leucine has a much larger side-
chain volume of ~110 A˚3 (52) and is strongly hydrophobic.
As shown in Fig. 8 A, E167A;C505 channels showed
little MTSET reactivity. The mean MTSET-induced
change in current amplitude was not significantly (P >
0.2) different from 0 either in the presence or absence of
GCK-3. E167L;C505 channels exhibited increased (P <
0.04) MTSET reactivity when they were coexpressed with
GCK-3. However, the extent of MTSET-induced channel
inhibition was significantly (P < 0.02) less than that
observed in the C505 mutant coexpressed with or without
functional kinase. These results suggest that the conforma-
tion of the pore fast gate and possibly other channel domains
influence the conformation of the subunit interface.DISCUSSION
Hyperpolarization-induced activation of CLH-3b is
described by fast and slow time constants. However, whenBiophysical Journal 104(9) 1893–1904the channel is inactivated by GCK-3, a single, slow process
dominates voltage-dependent gating (31). Fast and slow
time constants have been derived from exponential fits of
gating events in CLC-1 and CLC-2 (53–55). Fast time con-
stants are thought to reflect opening and closing of pore
gates, whereas slow time constants have been ascribed to
the common gating mechanism.
The loss of the fast time constant induced by GCK-3 (31)
suggests that phosphorylation of the channel inhibits the
pore fast gate and/or activates the common gating mecha-
nism. A number of recent studies have demonstrated that
intracellular nucleotide binding, extracellular Ca2þ binding,
and the interacting protein barttin likely mediate their regu-
latory effects on various CLC proteins via the common gate
(15,17,21,24,26,27,56,57). GCK-3 induces significant
changes in MTS reagent reactivity at amino acid residues
associated with the subunit interface (Table 1 and Figs. 4
and 5). Conformational changes at the subunit interface have
been proposed to underlie common gating in CLC-1 (6–8).
In addition, GCK-3 alters the inhibitory effects of Zn2þ
(Fig. 7), which is thought to act on the common gate (41–43).
On the basis of these findings and studies in other CLC pro-
teins, we propose that phosphorylation-dependent inhibition
of CLH-3b is mediated by activation of common gating.
FIGURE 7 GCK-3 alters the kinetics and concentration dependence of Zn2þ inhibition. (A) Time course of 5 mM Zn2þ inhibition and washout. (B) Time
constants for 5 mM Zn2þ inhibition and washout. In the absence of functional GCK-3, the kinetics of Zn2þ inhibition are described by fast and slow time
constants. A single time constant describes Zn2þ inhibition of CLH-3b coexpressed with functional kinase. (C) Concentration dependence of Zn2þ inhibition.
Values are means5 SE (n ¼ 3–5). *P < 0.03 compared to KD GCK-3.
CLC Regulatory Conformational Changes 1901GCK-3-induced MTSET reactivity changes (Fig. 6)
and channel inhibition (34) are both blocked by alanine
mutation of Y232 or H805. Y232 and H805 are conserved
residues located on an intracellular loop that connects
membrane helices H and I, which form part of the subunit
interface (1–3), and the first a-helix of CBS2, respectively.
The H-I loop interfaces with CBS2 a1 in CmCLC (3). We
have proposed recently that this interface functions as a
conserved signal transduction module that mediates long-
range intraprotein signaling in CLC channels (34). The
linkage between channel activity and subunit interface
conformation changes mediated by the H-I loop/CBS2 a1
interface further supports our hypothesis that activation
of the common gate underlies GCK-3-induced channel
inhibition.
At least one amino acid residue associated with the chan-
nel pore also exhibits GCK-3-induced changes in MTSET
reactivity (Fig. 5 A) indicating that GCK-3 also modifies
pore conformation. It is not clear, however, whether this
conformational change is direct or a result of changes at
the subunit interface. The membrane helices that form the
CLC pores are closely apposed to the helices that form the
subunit interface in EcCLC (1,2) and CmCLC (3) andstudies from several laboratories suggest that there is func-
tional coupling between common and pore gating
(6,8,53,58). Thus, it is possible that conformational changes
at the subunit interface induce conformational changes in
the pore and vice versa. Consistent with this idea, we
observed that mutation of the glutamate residue (E167)
that forms the pore fast gate alters the MTSET reactivity
of the subunit interface amino acid residue C505 (Fig. 8).
Our working model raises an interesting and important
question. Does activation of common gating represent a
conformational change that blocks both pores simulta-
neously without affecting the function of the pore fast
gate? Or does activation of the common gate induce confor-
mational changes that function to close the fast gates of both
pores simultaneously as suggested by Ma et al. (8)? We have
observed that GCK-3 inhibits the activity of various CLH-
3b pore fast gate glutamate (i.e., E167) mutants (T. Yamada
and K. Strange, unpublished observations). This suggests
that common gating may inactivate CLH-3b independently
of the pore fast gates. However, it is not possible to rule
out pore gating in E167 mutants. Although neutralization
of the glutamate residue comprising the pore fast gate is
expected to increase channel open probability and alterBiophysical Journal 104(9) 1893–1904
FIGURE 8 Mutation of the E167 pore fast gate alters the MTSET reactivity of the subunit interface cysteine residue C505. (A) E167A;C505mutant. Values
are means5 SE (n ¼ 4–5). Current amplitude changes induced by MTSETwere not significantly (P > 0.2) different from 0 in the presence or absence of
GCK-3 activity. *P < 0.0002 and **P < 0.0004 compared to C505 mutant (see Fig. 5 A). (B) E167L;C505 mutant. Values are means5 SE (n ¼ 3–5). *P <
0.04 and **P < 0.008 compared to KD GCK-3. yP < 0.0006 and yyP < 0.02 compared to C505 mutant (see Fig. 5 A).
1902 Yamada et al.voltage- and Cl-dependent pore gating, it is still possible
for substituted amino acids to modulate pore conductance.
In addition, mutagenesis and electrophysiological studies
in eukaryotic CLC channels have suggested that pore fast
gating may involve conformational changes beyond those
occurring at the fast gate glutamate residue (59). CLC-K
channels provide an example of these possibilities. These
channels exhibit both fast and common gating processes,
but lack the glutamate residue comprising the pore fast
gate (24). Clearly, additional electrophysiological and struc-
tural studies are needed to define how phosphorylation-
induced conformational changes at the subunit interface
regulate CLH-3b activity.
It is interesting to note the stimulatory effect of positively
charged MTSET on the whole cell current of the R256C
mutant (Fig. 4 A). Studies on CLC-0 have shown that a
lysine residue located near the inner mouth of the pore,
K519, controls channel conductance and pore gating and
that the effects of charge at this position can be mimicked
by positively and negatively charged MTS reagents in a
K519C mutant (46–49). R256 is located on the I-helix and
is thus part of the subunit interface (Fig. 3). Examination
of the crystal structure of EcCLC (1,2) suggests that this
residue is located near the outer mouth of the CLH-3bBiophysical Journal 104(9) 1893–1904pore ~13–14 A˚ away from the pore gate. As with CLC-
0 then, charged residues near the pore may exert electro-
static control over channel conductance and/or fast gating.
Consistent with this idea, we have found that replacement
of the positively charged arginine residue at position 256
with glutamate hyperpolarizes CLH-3b activation voltage
by 10–15 mV (T. Yamada and K. Strange, unpublished
observations).
Importantly, the MTSET-induced stimulation of R256C
current is strikingly suppressed by GCK-3 (Fig. 4 A). This
suggests that phosphorylation induces a conformational
change that reduces the putative electrostatic effect of
R256 on pore conductance and/or gating. Such a change
could reflect at least one mechanism by which GCK-3 in-
hibits CLH-3b activity. Clearly, additional structure/func-
tion studies will be needed to test this hypothesis directly.
In conclusion, our studies have provided the first, to our
knowledge, detailed insights into structure/function rela-
tionships that mediate phosphorylation-dependent regula-
tion of a CLC anion transport protein. We propose that
phosphorylation of the C-terminus of CLH-3b is transduced
into a subunit interface conformational change and activa-
tion of the common gating mechanism via the interaction
between a1 of CBS2 and the intracellular H-I loop.
CLC Regulatory Conformational Changes 1903Activation of the common gate directly blocks pore conduc-
tion and/or inhibits pore fast gating. The current studies
together with our previous work (34) provide an important
foundation for understanding the mechanistic basis of regu-
lation of other CLC proteins by phosphorylation, intracel-
lular nucleotide binding, extracellular Ca2þ, and accessory
proteins.
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